Background. Plant growth-promoting rhizobacteria (PGPR) are highly promising biofertilizers that contribute to eco-friendly sustainable agriculture. There have been many reports on the anti-microbial properties of nanoparticles (NPs). Toxic effects of NPs under laboratory conditions have also reported; however, there is a lack of information about their uptake and mobility in organisms under environmental conditions. There is an urgent need to determine the highest concentration of NPs which is not detrimental for growth and proliferation of PGPR. Methods. Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) were used to measure the size and shape of NPs. Minimum inhibitory concentrations (MIC) of nano-silver on selected beneficial microbes and Ralstonia solanacearum were measured using the microdilution broth method. The percentage of seed germination was measured under in vitro conditions. Results. NPs were spherical with a size of 16 ± 6 nm. Nano-silver at 12-40 mg l −1 inhibited the growth of bacteria. Seed application at 40 mg l −1 protected seeds from R. solanacearum and improved the rate of seed germination.
INTRODUCTION
Ralstonia solanacearum is a soil borne bacterial pathogen identified as one of the major limiting factors for the production of many crops around the world. It causes the widespread devastating disease, known as bacterial wilt, in more than 450 potential host plant species, such as potato, tomato, eggplant, cucumber, ginger, tobacco and banana. This pathogen enters through the roots and reaches the xylem, from where it spreads through the plant. As it infects the plant vascular system, it can lead to death of the entire plant (Deberdt et al., 2014) . Some bacteria strains have become resistant to the antibacterial agents due to their continuous application around the world, especially on agricultural land. Increasing use of pesticides affects non-target species and also pollutes water bodies, influencing the environment and human health. Using new approaches like nanotechnology to reduce the negative impact of pesticides on the environment is crucial (Ericksen, Ingram & Liverman, 2009) . Among metal nanoparticles (NPs), nano-silver (Ag) is being used in agriculture as a bactericide and fungicide due to its high antibacterial and antifungal properties (Sotiriou & Pratsinis, 2011) .
In order to enhance the effectiveness of silver NPs, the ratio of surface area to volume is very important. Higher ratios enhance the antibacterial effects due to greater interaction with other particles (Lee & Meisel, 1982; Lkhagvajav et al., 2011) . The toxic effect of NPs on bacteria largely depends on the type and size of NPs and on the type of bacteria. Beneficial microbes are responsible for multiple biochemical processes in soil, such as nutrient mineralization, nitrogen cycling and organic carbon degradation, and they also play a key role in biological cycling of nutrients (Holden, Schimel & Godwin, 2014) . Nano-silver should be applied to seeds or plants at levels that control plant disease without any harmful impact on beneficial microbes. Metal oxides, known as inorganic NPs, could inhibit bacterial activity even at very low concentrations (<1 mg kg −1 ; Simonin & Richaume, 2015) . Among metal NPs, silver influenced bacterial activity, even at a very low concentration (3.2 µg kg −1 ; Colman et al., 2013) . Hao et al. (2017) studied the antifungal effects of 6 NPs, multi-walled carbon nanotubes (MWCNTs), fullerene (C60), reduced graphene oxide (rGO), copper oxide (CuO), ferric oxide (Fe 2 O 3 ) and titanium oxide (TiO 2 ) on Botrytis cinerea. He found that all 6 NPs could inhibit the growth of B.cinerea and this inhibitory effect highly depends on the concentration and type of NPs (Hao et al., 2017) .
Many studies have been conducted to measure minimum inhibitory concentrations (MICs) of NPs for different bacteria. MICs of AgNPs for E.coli, Listeria monocytogenes, Salmonella typhimurium, and Vibrio parahaemolyticus were within the range 3.12-6.25 µg ml −1 (Zarei, Jamnejad & Khajehali, 2014) , while MICs of nano-silver for Pseudomonas aeruginosa, Bacillus subtilis, Candida albicans, and Staphylococcus aureus were within the range 2-4 µg ml −1 (Lkhagvajav et al., 2011 ). Jung et al. (2010 showed that nano-silver application at 7 mg Ag ml −1 could inhibit the activity of Sclerotium cepivorum, a fungus which causes white rot disease in green onions.
In commercial agriculture, rapid and uniform seed germination and seedling emergence are important factors in successful stand establishment (Hojjat & Hojjat, 2015; Rui et al., 2016; Yang, Cao & Rui, 2017) . In many studies, appropriate dosing of NPs can promote seed germination, improve soil quality, decrease the residue of pesticides, protect seeds from pathogens and promote plant growth, without any influence on beneficial microbes (Khodakovskaya et al., 2009; Rui et al., 2018; Yang, Cao & Rui, 2017) .
The objectives of this study were to determine the MIC of nano-silver for beneficial microbes in soil. In addition, we evaluated the effect of nano-silver applied to the seeds of Cucumis sativus, as a bactericide against R. solanacearum and in promoting seed germination. It is noteworthy that different areas of the world have different types of beneficial microbes. This study is the first investigating the effects of AgNPs on beneficial microbes in Malaysia.
MATERIALS & METHODS
Commercial nano-silver (colloidal Ag) bactericide was purchased from Nano Nasb Pars Co, Tehran, Iran, at an initial concentration of 4,000 mg kg −1 . It was purified by the company according to their production manual. For this study, bacterial isolates UPMR bio1 and UPMR bio2 were isolated from Alkazot bio fertilizer (Alkan Co., Tehran, Iran). Other beneficial bacteria and R. solanacearum were purchased from the Microbial Technology Laboratory, University Putra Malaysia (UPM). Triphenyl tetrazolium chloride (TTC; Sigma-Aldrich, St. Louis, MI, USA) was used as an indicator to measure microbial respiration. Nutrient broth (NB) was purchased from Merck, Darmstadt, Germany. Japanese cucumber (C. sativus) seeds hybrid 309 (Green World Genetics Company, Kuala Lumpur, Malaysia) were used in this study.
Characterization of nano-silver bactericide
The morphology of the samples was determined by scanning electron microscopy (SEM), at the Institute of Bioscience, UPM. For this purpose, 1 drop of nano-silver was placed on aluminum foil and dried at room temperature. Shape and morphology of AgNPs were investigated with a JSM-7600F SEM (JEOL, Tokyo, Japan) at an accelerating voltage of 15 kV and magnifications up to 50,000X. The transmission electron microscopy (TEM) at the Faculty of Medicine, University of Malaya (UM), Kuala Lumpur, Malaysia was used to measure the size distribution of AgNPs. The TEM was operated at an accelerating voltage of 120 kV. For this study, 1 ml AgNPs was diluted in 80 ml of distilled water. This mixture was homogenized by sonication in a Sonorex, RK 100H (Bandelin, Berlin, Germany) for 30 min. One drop of this preparation of AgNPs was then placed on each carbon-coated copper grid and left for 48 h to dry.
MIC of colloidal nano-silver for selected bacteria
The MIC was defined as the lowest concentration of an antibacterial agent which inhibited the activity and growth of a microorganism after overnight incubation. A broth microdilution method was used to measure the MIC of colloidal nano-silver. Bacteria for this study were selected based on their classification (Gram-negative and Gram-positive) and their availability in the Microbial Technology Laboratory. The bacteria tested in this study were: UPMR1004, Paenibacillus sp; UPMR 040, Pseudomonas sp; UPMR Sm1, Bacillus pumilus; UPMR Skb1, Acinetobacter brisouii; UPMR Skb2, Bacillus pumilis; UPMR Skb7, Bacillus cereus; UPMR Skb10, Chromobacterium violaceum; UPMR 9, Burkholderia sp; UPMR rubber, Enterobacter sp; UPMR bio1, Citrobacter amalonaticus; UPMR bio2, Citrobacter farmeri; UPMR 14, an unidentified isolate; UPMR 1021, Bacillus cereus; and R. solanacearum. Microbial inocula were prepared by subculturing microorganisms in NB at 37 • C for 24 h. A nano-silver stock solution (40 mg l −1 ) was prepared with ultrapure distilled water. A 2 mg l −1 incremental dilution series of nano-silver was made in the range of 2-40 mg l −1 . A 100 µl aliquot of each nano-silver concentration and 100 µl of NB containing the tested microorganisms were added to wells of a microplate. The microplates were then incubated at 37 • C for 24 h. After incubation, 40 µL of 0.02 mg ml −1 TTC was added to each well. Color change of TTC from colorless to red was considered a positive indication of microbial growth (Lkhagvajav et al., 2011 , with minor modifications).
Seed preparation
The surfaces of the seeds were sterilized by using 0.5% (v/v) sodium hypochlorite for 20 min, and then they were rinsed several times with deionized water (Habib, Kausar & Saud, 2016) . As a control (T1), seeds were soaked in distilled water for 48 h. Seeds in sample T2 were soaked in 40 mg l −1 AgNPs (based on the MIC results) for 48 h at 31 • C. For sample T3, seeds were soaked in 40 mg l −1 AgNPs for 48 h at 31 • C, and then kept in bio fertilizer containing bacteria UPMR bio1 and UPMR bio2 for 20 min. For sample T4, seeds were soaked in 40 mg l −1 nano-silver for 48 h at 31 • C, and then placed in a culture of R. solanacearum for 20 min. For sample T5, seeds were soaked in 40 mg l −1 nano-silver for 48 h at 31 • C, followed by soaking in a culture of R. solanacearum for 20 min, and then kept in bio fertilizer for 20 min. Finally, two moist sterilized sheets of Whatman number 2 filter paper (Whatman International Ltd, Maidstone, England) were placed in each petri dish (9 mm diameter). After the seeds had been treated they were placed in these petri dishes. Four seeds were placed in each petri dish and after 7 days, the percentage of seed germination was calculated (Table 1) . %Germination = number of germinated seeds total number of seeds planted × 100 (Karimi etal,2012) .
Statistical analysis
Experiment for measuring the percentage of seed germination was conducted using completely randomized design (CRD) with a total number of 5 treatments with 4 replications. The means were compared by Tukey's test. Values of p ≤ 0.05 were considered to be statistically significant. Data were statistically analysed using SAS 9.4 software (SAS Institute, Cary, NC, USA).
RESULTS

Characterization of nano-silver bactericides
SEM showed that silver NPs spherical with a smooth morphology, and were evenly distributed in solution (Fig. 1) . Silver NPs were single, and did not exhibit aggregation. In addition, the purity of the samples was consistent with the claims of the manufacturer.
Images from TEM showed that the particle sizes of nano-silver were 6-37 nm with an average size of 16 ± 6 nm (standard deviation, SD 6.20; Fig. 2 ). Figure 3 shows the size distribution of NPs.
Biochemical classification of beneficial microorganisms
A total of 13 beneficial microbes were tested in the MIC experiment. The beneficial microbes used in this study were classified into two main groups, nitrogen fixing bacteria (NFB) and phosphate solubilizing bacteria (PSB). UPMR 1004, UPMR 040, UPMR Sm1, UPMR Skb1, UPMR Skb2, UPMR Skb7, UPMR Skb10, UPMR rubber, UPMR 1021 were classified as PSB, while UPMR bio1 and UPMR bio2, isolated from Alkazot bio fertilizer, were classified as NFB (Table 2) . UPMR 040, UPMR 9, and UPMR 14 were classified as both NFB and PSB, meaning that these beneficial microbes had the ability to fix nitrogen and solubilize phosphate. UPMR 1004, UPMR Sm1, UPMR Skb2, UPMR Skb7, and UPMR 1021 were classified as Gram-positive bacteria, while the rest were Gram-negative.
MIC of nano-silver for selected bacteria
The results from the MIC study showed that nano-silver colloids exhibit different antibacterial activities for each respective beneficial microbe tested. The MIC for the selected beneficial microbes varied from 12 to 40 mg l −1 (Table 3) . UPMR bio1 and UMPR bio2 could resist nano-silver concentrations of 40 mg l −1 . The MIC of nano-silver for UPMR 040, UMPR Skb1, UPMR Skb2, UPMR Skb7, UPMR Skb10, UPMR 9, and UPMR 14 was 40 mg l −1 . However, silver NPs, as a bactericide, could affect 
UPMR Sm1
Bacillus pumilus √ √
UPMR Skb1
Acinetobacter brisouii √ √
UPMR Skb2
Bacillus pumilis √ √
UPMR Skb7
Bacillus cereus √ √
UPMR Skb10
Chromobacterium violaceum √ √
UPMR 9
Burkholderia sp √ √ √
UPMR rubber
Enterobacter sp √ √
UPMR 14
Unidentified √ √
UPMR bio1
Citrobacter amalonaticus √ √
UPMR bio2
Citrobacter farmer √ √
UPMR1021
Bacillus cereus √ √
Notes. *PSB, Phosphate solubilizing bacteria; *NFB, Nitrogen fixing bacteria. the activity of UPMR rubber at a concentration of 36 mg l −1 , and the MIC for UPMR Sm1 was 28 mg l −1 . UPMR 1004 and UMPR 1021 were affected by the lower concentrations of the nano-silver bactericide at levels of 14 and 12 mg l −1 , respectively. Bacteria able to both fix N and solubilize P were more resistant to nano-silver than those which had only one of those capabilities. This resistance might be due to the thickness of their cell wall or possibly strain variation. The MIC results showed that Gram-positive bacteria were more susceptible to silver NPs than Gram-negative bacteria. R. solanacearum which was a Gram-negative plant pathogenic bacterium had a MIC of 40 mg l −1 . The growth/activity of Gram-negative bacteria was inhibited at nano-silver concentrations of 36-40 mg l −1 , while it was 12-28 mg l −1 for Gram-positive bacteria.
Effect of nano-silver bactericide on seed germination
In sample T1, where the seeds were soaked in deionized water, 87.5% of them germinated (Table 4) . By contrast, 100% germination was observed in samples T2, T3, and T4. For T5, the rate of germination was reduced to 75%, the lowest germination rate among all the treatments, and which was significantly lower than samples T2, T3, and T4. Germination of seeds soaked in nano-silver was accelerated compared to the control, where seeds were soaked in deionized water (Fig. 4) . A MIC of 40 mg l −1 was recorded for UPMR bio1 and UPMR bio2, which were beneficial microbes and for R. solanacearum which was a pathogen. As nano-silver had antibacterial effects, it could protect the seeds from pathogens, thus increasing germination rates. In sample T3, seeds were soaked in nano-silver and biofertilizer, which contained UPMR bio1 and UPMR bio2. Since the MICs for UPMR bio1 and UPMR bio2 were 40 mg l −1 , soaking the seeds with 40 mg l −1 silver could inhibit the activity of beneficial microbes. For sample T4, where seeds were also soaked with AgNPs, the silver inhibited the activity of R. solanacearum, resulting in 100% germination. In samples T3 and T4, nano-silver at 40 mg l −1 inhibited the growth of Gram-negative beneficial microbes (UPMR bio1 and UPMR bio2) and pathogen R. Solanacearum, respectively.
In sample T5, containing R. solanacearum and biofertilizer, the lowest rate of seed germination (75%) was recorded. It was possible that there was an interaction between AgNPs, beneficial microbes, and the pathogen in this treatment, leading to reduced germination. For samples T3 and T4, 100% of the seeds germinated, with AgNPs only interacted with UPMR bio1 and UPMR bio2 in T3, and only with R. solanacearum in T4. As silver had to react with both the beneficial microbes and the pathogen to inhibit their activity/growth in sample T5, a lower amount of silver might have been available to react with the seeds.
DISCUSSION
Nano-silver, acting as a bactericide with particle size of 16 ± 6 nm, inhibited the activity of both Gram-positive and Gram-negative bacteria; however, the MICs of nano-silver were not the same among different strains of bacteria. Nano-silver applied to seeds at 40 mg l −1 could protect them from the pathogen R. solanacearum. 
Characterization of nano-silver bactericides
The purity of the NPs in solution was important, since low quality preparations might cause interactions with impurities, altering relative efficacies and affecting conclusions (Odum, 2007) . Different morphologies have different surface areas to interact with microbes, resulting in different antibacterial efficiencies. Small-sized NPs have the potential to enter the cell membrane of bacteria (El-Kheshen & El-Rab, 2012) . Silver NPs were spherical, giving them a high surface area to volume ratio and a stable morphology. Such factors were considered to enhance the efficacy and consistency of the experimental results, respectively. Krutyakov et al. (2008) and Xu et al. (2006) reported that spherical silver NPs were more stable and had a higher antibacterial activity compared to other shapes. The spherical shape of NPs resulted in a high surface area to volume ratio, which enabled them to pass through bacterial or plant cell membranes, killing the cell. Shameli et al. (2012) and Lkhagvajav et al. (2011) also reported that silver NPs with the sizes of 10-20 nm had the ability to inhibit bacterial activity. El- Kheshen & El-Rab (2012) stated that the antibacterial effect of nano-silver depended strongly on the size and the shape of the particles.
MIC of nano-silver on selected bacteria
Several factors can influence the antibacterial activity of AgNPs, such as the chemical properties of NPs and the type of bacteria. The cell wall in bacteria is a layer outside the cell membrane which is made of peptides, known as peptidoglycans. Gram-positive bacteria have thicker cell walls compared to Gram-negative bacteria. In theory, NPs could enter bacteria through their cell walls (Theivasanthi & Alagar, 2011) . Based on the findings of other researchers, there are two possible explanations to explain the differential interaction of NPs with bacterial cells, based on their Gram staining. Firstly, experimental studies on the cell surface of Gram-negative bacteria showed higher negative charges compared to Gram-positive bacteria. If NPs have a net positive charge, they will interact more readily with Gram-negative bacteria and exert a greater antibacterial activity than with Gram-positive bacteria (Chung et al., 2004) . Secondly, Shahrokh & Emtiazi (2009) showed that AgNPs act as a catalyst in Gram-negative bacteria, influencing oxidation activity at higher concentrations, while in Gram-positive bacteria they are more effective at lower concentrations. These two possibilities might explain the higher MICs of nano-silver for Gram-negative bacteria compared with Gram-positive bacteria in our study. The exact mechanisms leading to the antibacterial effects of NPs are not fully understood; however, many theories have been put forward. A possible mechanism is that the NPs anchor themselves to the cell wall of bacteria and penetrate into the cell, making structural changes in the cell membrane that leads to cell death. Another possible mechanism is the formation of free radicals by some of the NPs, which create pores in the bacteria and leads to cell damage and eventually death. The other proposed mechanism is that silver can react with sulfur and phosphorus in the bacteria and form detrimental compounds which damage DNA and kills the cells (Prabhu & Poulose, 2012) . Odum (2007) demonstrated that in order to understand the antibacterial mechanism of silver NPs, the first step is to shed light on how bacteria and viruses live and grow. Bacteria use enzymes to metabolize oxygen. Silver ions cripple these enzymes, stop this metabolism, and kill cells. Viruses grow by attacking living cells and as they cannot function or reproduce outside the host cell, they are also reliant on oxygen metabolizing enzymes (Mishra & Kumar, 2009) . Other studies have shown that monovalent silver ions (Ag + ) can replace thiol (S-H) groups on the surface of cell membranes. This replacement disables the production of proteins required by the cell, leading to eventual death. Feng et al. (2000) , reporting that nano-silver particles influence Gram-negative and Gram-positive bacteria, also pointed out that they not only attach to the surface of the cell but also enter the cell and collapse the cell wall.
Effect of nano-silver bactericide on seed germination
The main plant physiological indices of the toxic effect of NPs are seed germination percentage, root elongation, biomass, and number of leaves (Yang, Cao & Rui, 2017) . There is a possibility that NPs, such as Au, Ag, TiO 2 , CuO, and ZnO, can penetrate the seed coat causing an enhancement of water uptake by seeds, which results in early seed germination (Lei et al., 2008) . Karimi et al. (2012) compared AgNPs with the fungicide carboxitiram and found that NPs with a size of 50 nm could protect seeds from pathogens. Our results with sample T4, containing 40 mg l −1 nano-silver and R. solanacearum, proved that silver had the ability to protect seeds from a pathogen, and even improve the rate of germination. Silver can inhibit the growth of bacteria and it is toxic for both Gram-negative and Gram-positive bacteria (Jung et al., 2010; Shahrokh & Emtiazi, 2009) . Aquaporins are channel proteins present in the plasma and intracellular membranes of plant cells, where they facilitate the transport of water and small neutral solutes affecting seed germination. Silver NPs could also affect the aquaporin genes, increasing water uptake. Silver NPs improved the rate of seed germination in corn (Zea mays), watermelon (Citrullus lanatus), zucchini (Cucurbita pepo; Almutairi & Alharbi, 2015) , ryegrass, barley, flax (ElTemsah & Joner, 2012) , Boswellia ovalifoliata (Savithramma, Ankanna & Bhumi, 2012) and tomato (Khodakovskaya et al., 2009) . Enhanced rates of germination with NPs were also observed for CuO in maize (Wang, Westerhoff & Hristovski, 2012) , MWCNTs in zucchini (Stampoulis, Sinha & White, 2009) , and mixed nano TiO 2 and nano SiO 2 in soybean (Lu et al., 2002) . Silver NPs can also enhance the activity of antioxidant enzymes, superoxide dismutase (SOD) and catalase (CAT; Zheng et al., 2005) . NPs can penetrate the seed coat and improve the rate of seed germination by enhancing water absorption, increasing nitrate reductase levels, promoting seed antioxidant systems, reducing antioxidant stress by decreasing H 2 O 2 , and finally increasing the activity of some enzymes such as SOD and glutathione peroxidase (Lei et al., 2008) . Results from Savithramma, Ankanna & Bhumi (2012) , Khodakovskaya et al. (2009), and Almutairi & Alharbi (2015) were in agreement with our results showing that silver NPs could increase seed germination percentage. In sample T5, silver NPs interacted with microbes (beneficial and pathogen) and there were likely not sufficient AgNPs available to attach to the seeds and play a positive role in improving the rate of seed germination. Silver NPs are capable of attaching themselves to the surface of cell membranes and disrupting permeability and respiration. It has been speculated that the binding of NPs to microorganisms depends on the available surface area for interaction. Silver NPs are capable of interacting with microorganisms, and when the volume of silver NPs reduces, larger surface area will be available to interact with microorganisms. Similar results were reported by Humberto et al. (2009) and Sondi & Salopek-Sondi (2004) , stating that microorganisms were attached to the surface of silver NPs.
Even though the concentrations of NPs in the environment are lower than toxic levels, continuous use of NPs in agriculture can cause critical levels to accumulate. Since soil is considered as the final sink for NPs, they can enter the human food chain through plants. Therefore, it is essential to determine the amount of NPs which can protect plants from pathogens and diseases without harmful effects on the environment and human health (Yang, Cao & Rui, 2017) . The risk of using nanotechnology in agriculture is poorly understood and requires research (Wickson, Nielsen & Quist, 2011) .
CONCLUSIONS
MIC results showed that nano-silver bactericides, as spheres with an average size of 16 ± 6 nm, inhibited the activity of bacteria (beneficial microbes and a pathogen) at levels of 12-40 mg l −1 . Higher concentrations of nano-silver were needed to inhibit Gram-negative bacteria compared to Gram-positive bacteria. Bacteria classified as both NFB and PSB were also more resistant to Ag bactericide. Bacteria classified as Gram-negative and having both N 2 fixing and phosphate solubilizing capabilities could be recommended for use as biofertilizer, since nano-silver inhibited their growth and activity at higher concentration (40 mg l 1 ) than other beneficial microbes. Results also showed that nano-silver enhanced the rate of seed germination by protecting them from a pathogen. It was also observed that for increasing amounts of bacteria (beneficial microbes and pathogen), the concentration
